The ternary complex factor Net/Elk3 is downregulated in hypoxia and participates in the induction by hypoxia of several genes, including c-fos, vascular endothelial growth factor and egr-1. However, the global role of Net in hypoxia remains to be elucidated. We have identified, in a large-scale analysis of RNA expression using microarrays, more than 370 genes that are regulated by Net in hypoxia. In order to gain insights into the role of Net in hypoxia, we have analysed in parallel the genes regulated by HIF-1a, the classical factor involved in the response to hypoxia. We identified about 190 genes that are regulated by HIF-1a in hypoxia. Surprisingly, when we compare the genes induced by hypoxia that require either Net or HIF1a, the majority are the same (75%), suggesting that the functions of both factors are closely linked. Interestingly, in hypoxia, Net regulates the expression of several genes known to control HIF-1a stability, including PHD2, PHD3 and Siah2, suggesting that Net regulates the stability of HIF-1a. We found that inhibition of Net by RNAi leads to decreased HIF-1a expression at the protein level in hypoxia. These results indicate that Net participates in the transcriptional response to hypoxia by regulation of HIF-1a protein stability.
Introduction
Hypoxia induces adaptive changes (Brahimi-Horn et al., 2001; Harris, 2002) that include activation of the transcription factor (TCF) HIF-1a (Greijer et al., 2005; Manalo et al., 2005) and physiological responses such as angiogenesis (Pugh and Ratcliffe, 2003) . HIF-1a is considered to be the major TCF involved in gene regulation by hypoxia. In normoxia, HIF-1a is hydroxylated by the prolyl-hydroxylase domain proteins (PHD1/egln2, PHD2/egln1 and PHD3/egln3), which leads to binding with the von Hippel-Lindau protein (VHL) and finally degradation by proteasomes. The PHDs are not active in hypoxia, which results in stabilization and activation of transcription by HIF-1a.
We have recently identified a new component of the hypoxic response, the Net (Elk-3) TCF (Gross et al., 2007) . Net, together with Elk-1 and Sap-1, forms the ternary complex TCFs subfamily, and are notably known for their participation in the early response of quiescent cells to growth factor stimulation. Under basal conditions, Net is a strong transcriptional repressor (Buchwalter et al., 2004; Criqui-Filipe et al., 1999; Giovane et al., 1994; Maira et al., 1996) . Net is involved in various physiological processes, including angiogenesis. Net regulates cell migration through repression of PAI-1 , and is required for tumour growth in xenographs (Zheng et al., 2003) . Mice that express mutant Net lacking its DNA binding domain exhibit respiratory distress (Ayadi et al., 2001) , and delayed wound healing due to impaired angiogenesis (Zheng et al., 2003) . We have recently shown that Net is downregulated in hypoxia and is required for the regulation of several genes in response to hypoxia (Gross et al., 2007) . In order to identify more globally the genes and functions regulated by Net in hypoxia, we performed a large-scale analysis using microarrays. We studied in parallel HIF-1a, in order to compare their roles in the hypoxic response. Interestingly, we found that the majority of the genes induced by hypoxia are dependent on both Net and HIF-1a, suggesting that they participate in the same signalling cascade. We further showed that Net regulates the expression of several regulators of HIF-1a stability like PHDs 2-3 and Siah2, so Net regulates the stability of HIF-1a. Our results provide evidence for a tight link between the functions of Net and HIF-1a in hypoxia.
Results

Experimental design
We have previously shown that the ternary complex factor Net is specifically downregulated in hypoxia in endothelial cells (Gross et al., 2007) , a cell type that has important functions in the response to hypoxia. In order to study in detail the role of Net compared to HIF-1a in the transcriptional response to hypoxia, we inhibited Net and HIF-1a by RNAi, before submitting the cells to hypoxia and microarray analysis (Figure 1 ). After transfection, the cells were incubated for 48 h (to allow efficient downregulation and recovery from transfection stress), submitted to atmospheric hypoxia (1% O 2 ) or normoxia for 9 h, and then RNA and proteins were extracted. Each experiment was performed in triplicate. The conditions of small interfering RNA (siRNA) knockdown and duration of hypoxia were optimized. The siRNA against Net has already been shown to be specific and efficient . We confirmed, in the microarray experiments, that the inhibition of Net in normoxia was efficient (Figure 2Aa , compare lane 2 with 1) and that hypoxia downregulated Net (Figure 2Aa ). The siRNA against HIF-1a was shown to be efficient, from the inhibition of HIF-1a induction by cobalt chloride (CoCl 2 , Figure 2Ab , left panel). The stabilization of HIF-1a after 9 h of hypoxia was clearly impaired in the cells transfected with the HIF-1a siRNA (Figure 2Ab , right panel). Nine hours of atmospheric hypoxic was used, in order to maximize inhibition of Net and stabilization of HIF-1a, and minimize secondary consequences of prolonged Net inhibition ( Figure 2A and data not shown). Total RNA was used for transcriptome analysis on a 25 000-gene mouse oligonucleotide microarray covering most of the known mouse transcripts (see 'Materials and methods' section).
Analysis and validation of the microarray results
After filtration of the raw data, we used Gene Cluster 3.0 software to cluster the remaining 2742 genes ( Figure 2B , top). The experimental triplicates clustered together, demonstrating the reproducibility of the individual samples and microarrays. The triplicates clustered into two groups, corresponding to hypoxia and normoxia. These observations validate our experimental conditions. The treeview analysis ( Figure 2B , bottom) highlighted co-regulated groups of genes, such as those in hypoxia (on the right half) that are mainly dependent on Net, HIF-1a or both factors (top, middle and bottom groups, respectively; compare siLuc, siHIF-1a, siNet and siNet þ siHIF-1a in hypoxia; green indicates lower expression; red higher expression). These results show that both factors play a role in the hypoxic response by regulating specific genes. We also compared the results from microarrays with reverse transcription (RT)-QPCR analysis of genes known to be regulated by Role of Net in hypoxia C Gross et al Net and induced in hypoxia (Table 1, top) . RNAi knockdown of Net and HIF-1a impaired induction by hypoxia of egr-1, vascular endothelial growth factor (VEGF) and c-fos mRNAs. We also validated 10 genes that were not known to be regulated by Net (see below and Table 1 , bottom). For all of these genes, the microarray results were confirmed by RT-QPCR with a high correlation and a low P-value, which helps validate the microarray data.
Net and HIF-1a target genes in either normoxia or hypoxia In order to identify Net-regulated genes, we selected transcripts that differed by at least 1.86-fold between siNet and siLuc-transfected cells (negative control) in either normoxia or hypoxia. There were 65 Netdependent RNAs in normoxia and about 6 times more, 377, in hypoxia and 35 that were common to both conditions ( Figure 3a and Supplementary Tables 1 and  2 ). We analysed the data using the Ingenuity Pathways Analysis software. The normoxia Net regulated genes are mainly implicated in cellular movement, cardiovascular system development, DNA replication, recombination and repair, cellular growth and proliferation and cancer. The hypoxia Net-dependent genes are principally involved in cell growth and proliferation, cell cycle, cell death, cancer and gene expression. We confirmed by RT-QPCR the variations in expression measured by microarrays for seven genes (F2R, CCND1, BMP4, CXCL6, AXUD1, CXCL3 and SLPI) that are involved in at least one of these major functions, and for three involved in others (ACG1, APLN and ZFP36 (Table 1, http://www.ingenuity.com/products/pathways_analysis. html). These results fit with the known functions and expression patterns of Net , notably its roles in the vascular system, angiogenesis, cell movement, transcription of immediate early genes required for entry into the cell cycle and its interactions with p53. The sixfold increase in the number of genes regulated in hypoxia compared to normoxia suggests that Net plays an important role in the hypoxic response. For HIF-1a, there were 35 target genes in normoxia and 193 in hypoxia ( Figure 3b and Supplementary Tables 3 and 4 ). The approximate sixfold increase is similar to Net, and less surprising, given the known role of HIF-1a in hypoxia. The major functions of the HIF-1a-regulated genes that we have identified, that include cell growth and proliferation, development and disease, concord with previous studies of HIF-1a using knockout mice (Iyer et al., 1998; Ryan et al., 1998) and microarray analysis (Semenza, 2001 (Semenza, , 2003 .
Net and HIF-1a target genes involved in the induction of gene expression by hypoxia
In order to compare the roles of Net and HIF-1a in the induction of gene expression by hypoxia, we calculated Abbreviations: RT, reverse transcription; VEGF, vascular endothelial growth factor. The microarray and RT-QPCR fold changes were normalized to the control luciferase. The coefficient of correlation (between microarray and RT-QPCR fold changes) and P-values were calculated for each gene.
Role of Net in hypoxia C Gross et al the hypoxic induction of the 2742 genes by dividing the expression levels in hypoxia by those in normoxia ( Figure 3c ). We then selected the genes that differed in expression between hypoxia and normoxia by at least 1.86-fold in at least one of the four conditions (siLuc, siNet, siHIF-1a and siNet þ siHIF-1a) and with inductions that are significantly different between the four conditions. We identified 78 genes that were affected uniquely by Net inhibition (Figure 3c and Supplementary Table 5 ). Ingenuity analysis of these 78 genes showed that they were mainly involved in cell cycle, cancer and cell-to-cell signalling. Nine genes were uniquely dependent on HIF-1a ( Figure 3c and Supplementary Table 6 ). They are involved in cancer, cell cycle and cardiovascular system. Interestingly, a large majority of the genes identified, 253, were affected by both Net on one hand and by HIF-1a downregulation on the other hand ( Figure 3c and Supplementary Table 7) . Most of these 'common' genes are also affected in the same way when both Net and HIF-1a are downregulated together. In a small number of cases, downregulation of both factors has additive or synergistic effects. The 'common' genes are involved in processes known to be highly regulated in hypoxia, such as cell growth and proliferation, cell death and gene expression. The common regulation of such a large number of genes suggests that Net and HIF-1a could be involved in a common pathway of regulation. Moreover, the top functions regulated in hypoxia by Net, or HIF-1a, or both factors, are similar (for instance, cellular growth and proliferation and cell death), reinforcing this hypothesis. Figure 3 Microarray data analysis. Number of genes and main functions regulated by Net (a) or HIF-1a (b) either in normoxia, in hypoxia or both (overlap). Number of genes and top functions for which induction from normoxia to hypoxia is dependent on Net or HIF-1a or both (c).
Role of Net in hypoxia C Gross et al
Net regulates HIF-1a
One possibility to explain the largely overlapping functions of Net and HIF-1a is that Net regulates HIF-1a directly at the transcriptional level, or indirectly through the regulators of HIF-1a stability, notably VHL, PHDs1-3 and Siah2 ( Figure 4A ). In order to investigate the possibility that there is cross-regulation between Net and HIF-1a, we analysed their reciprocal Role of Net in hypoxia C Gross et al protein levels after inhibition by RNAi ( Figure 4B ). Net levels were not affected by the siRNA against HIF-1a in either normoxia or hypoxia (Figure 4Ba , compare lanes 3 and 7 with 1 and 5, respectively). On the other hand, the hypoxic stabilization of HIF-1a was clearly impaired when Net was inhibited by RNAi (Figure 4Ba , compare lanes 6 with 5). We confirmed this observation using another siRNA against Net targeting another region of Net mRNA and a supplementary control siRNA (Figure 4Bb ). The protein level of HIF-1a was again decreased when Net was inhibited (compare lanes 6 with 4 and 5). These results indicate that Net regulates the level of HIF-1a in hypoxia. This regulation is not at the mRNA level, as shown by RT-QPCR (Figure 4Ca , lower graph) and microarrays (Supplementary Table 8 ).
Similarly, VHL RNA expression was not significantly impaired by Net RNAi (Figure 4Cb and Supplementary  Table 8 ). In contrast, Net RNAi in hypoxia had marked effects on the expression of PHD2 (Figure 4Cc and Supplementary Table 8 ), PHD3 ( Figure 4Cd and Supplementary Table 8 ) and Siah2 ( Figure 4Ce and Supplementary Table 8 ), showing that Net is a repressor of PHD2 and PHD3, and an activator of Siah2 in hypoxia, as expected from Net having a positive effect on HIF-1a expression in hypoxia. We did not investigate PHD1 since it was filtered out, because of its low expression level in our experimental system. Our results show that Net regulates the expression of at least three factors that are known to be important regulators of HIF1a, which would account for the large number of genes that are regulated by both Net and HIF-1a in hypoxia.
Discussion
In this study, we have shown that the ternary complex factor Net participates in the transcriptional hypoxic regulation of a large set of genes. Net is involved in the hypoxic induction of genes that are important for cell adaptation to hypoxia. Furthermore, a large proportion of the Net-regulated genes are in their majority also regulated by HIF-1a. In fact, Net participates in the regulation of HIF-1a, as shown by the impairment by Net knockdown of HIF-1a hypoxic protein stabilization. Net does not regulate HIF-1a at the transcriptional level, but rather regulates the expression of three factors that are known to be important for HIF-1a protein stability, PHD2, PHD3 and Siah2. Thus, Net appears to be an indirect modulator of HIF-1a protein expression. We have previously shown that Net is downregulated in hypoxia, and that Net contributes to the hypoxic induction of several genes, egr-1, c-fos and PAI-1 (Gross et al., 2007) . Our current study shows that the role of Net is not limited to a small number of genes. We confirmed the variations in expression for 10 of these newly identified genes by Q-RT-PCR, seven of which are involved in expected functions for Net (cell growth and proliferation, cell cycle, cell death, cancer and gene expression), and three in others, including lipid transport (ABCG1), immune response (APLN) or inflammation (ZFP 36). The biological implications of these observations are interesting open questions.
Net has, to some extent, a role that is independent of HIF-1a. We found that Net is involved in the hypoxic induction of 78 genes that are not induced by HIF-1a under the same conditions. Other studies have also identified hypoxia-induced genes that are not dependent on HIF-1a. A large-scale microarray analysis that compared genes induced by a constitutively active form of HIF-1a and by hypoxia found that HIF-1a modulated only about half of the hypoxic-induced genes (Manalo et al., 2005) . We identified 9 genes that are dependent on HIF-1a alone, and 253 those are dependent on both Net and HIF-1a. The high proportion of common-regulated genes, together with the low number of solely HIF-1a-dependent genes, was quite surprising. Thus, we hypothesized that Net and HIF-1a could be tightly linked, and could participate in a common signalling pathway. As predicted, we found that the inhibition of Net by different siRNAs leads to decreased HIF-1a hypoxic stabilization. Thus, the 253 genes that are dependent on both factors could be direct target genes of HIF-1a, and thus be indirect targets of Net. However, we cannot exclude that Net and HIF-1a could both directly regulate some of these genes. Bioinformatics analysis for Net and HIF-1a consensus binding sites in the promoters of these genes, and chromatin immunoprecipitation assays, could help to answer this question. Interestingly, a recent report shows that the promoters of several genes that are regulated specifically by HIF-2a in hypoxia also have Ets-binding sites in their promoters (Aprelikova et al., 2006) . Moreover, hypoxic induction of some of these genes is dependent on the physical interaction between HIF-2a and Ets proteins, the ternary complex factor Elk-1 and Ets-1.
HIF-1a plays a key role in the hypoxic response, in particular during tumorigenesis. It is one of the promising targets for new therapeutic strategies in cancer research, and the discovery of novel actors involved in its regulation is of great interest. The main regulators upstream of HIF-1a are the PHDs proteins. These enzymes hydroxylate HIF-1a depending on the intracellular level of oxygen, and the hydroxylated form of HIF-1a is recognized by the E3 ligase VHL, leading to its proteasomal degradation. In hypoxia, the PHDs are less active, and this results in HIF-1a stabilization. We show here that the inhibition of the TCF Net does not affect HIF-1a or VHL mRNA levels. However, Net inhibition leads to upregulation of the isoforms 2 and 3 of the PHDs in hypoxia. Upregulation is known to partially counterbalance the diminution of oxygen, leading to increased hydroxylation and consequently proteasomal degradation of HIF-1a (Stiehl et al., 2006) . Net regulation of HIF-1a through the PHDs is reminiscent of regulation by the Siah proteins (Nakayama et al., 2004) . These E3 ligase enzymes are involved in PHD protein degradation and their hypoxic induction contributes to the diminution of the PHD1 and PHD3 activities. The inhibition of the Siah proteins leads to a decreased HIF1a stability in hypoxia and an impaired hypoxic response.
Interestingly, Siah2 is downregulated in hypoxia in Net knockdown cells in our microarray data, and this was confirmed by RT-QPCR. Thus, Net may regulate the PHDs at least in part through Siah2 regulation.
During hypoxia, HIF-1a protein levels follow a bellshape curve, with stabilization followed by a progressive secondary decrease that is due to an increase in the mRNA and protein levels of PHD2 and PHD3 (Stiehl et al., 2006) . Net could be involved in hypoxic regulation of the PHDs expression and thus participates in HIF-1a stability modulation during hypoxia. To test that hypothesis, it will be useful to perform a detailed kinetic experiment, in which the levels and activities of the various components are carefully studied and modelled. An interesting possibility for future study is that Net 'senses' the extent of the response to hypoxia and helps adjust HIF-1a levels, depending on conditions that affect Net activity.
We have previously shown that Net mutant mice subjected to chemically induced hypoxia have altered haematocrit levels (Gross et al., 2007) . This study identifies various pathways that could be explored to understand this phenotype. For example, knockout of Siah2, a gene implicated in HIF-1a regulation, has been reported to alter haemoglobin levels in mice subjected to hypoxia (Nakayama et al., 2004) . Thus, the altered haematocrit in Net mutant mice could be due to a deregulation of the Siah2-PHDs-HIF-1a pathway. HIF-1a plays a major role in tumour angiogenesis. It can, in particular, induce the VEGF. We have previously shown that Net is an indirect activator of VEGF, and that inhibition of Net in an in vivo model of tumorigenicity leads to inhibition of tumour growth, impaired angiogenesis and persistence of large hypoxic regions (Zheng et al., 2003) . Our results suggest that the Net-HIF-1a pathway, discovered in the current study, could be involved in these processes. Most importantly, Net, as a regulator of the hypoxic response and HIF-1a, could be a new target for therapeutic modulation of the adaptative hypoxic response.
Materials and methods
Cell culture, transfections and hypoxia treatment Mouse skin endothelial (SEND) cells (generous gift from Kari Alitalo) were grown in minimal essential medium (MEM), 10% fetal calf serum (FCS) and 40 mg ml À1 gentamicin. SEND cells were transfected with Lipofectamin (Invitrogen, Carlsbad, CA, USA) as previously described van Riggelen et al., 2005) . Twelve hours before hypoxia, the cells were placed in MEM, 0.5% FCS and 40 mg ml À1 gentamicin. The hypoxia conditions were 1% O 2 in a ThermoForma model 3110 incubator.
Immunoblotting and antibodies For immunoblotting, see Buchwalter et al. (2005) . Antibody uses and dilutions: rabbit anti-mouse Net #1996, WB (1/2000); mouse anti-a-tubulin clone DM 1A, WB (1/10 000, Sigma, St-Quentin-Fallavier, France); mouse anti-mouse HIF-1a, WB (1/1000, Novus Biologicals, Littleton, CO, USA), mouse anti-b actin, WB (1/2000, Sigma).
Chemicals
Cobalt chloride (CoCl 2 ; Alfa Aesar, Bischheim, France).
RNA interference
Mouse Net siRNA (Dharmacon, Thermo Fisher ScientificPerbio, Brebieres, France) ; GL2 luciferase control siRNA . SiControl non-targeting siRNA: 5 0 -UAGCGACUAAACACAUCAA-3 0 (Dharmacon). Si2-Net siRNA: 5 0 -GAGCGCUGAGAUA CUAUUA-3 0 (Dharmacon). SEND cells were transfected with siRNAs duplexes (final concentration, 20 nM) using Lipofectamine (Invitrogen), according to the manufacturer's guidelines.
Microarray analysis
Total RNA was prepared using TRIZOL Reagent (Invitrogen) and used for transcriptome analysis on a 25 000-gene mouse oligonucleotide microarray covering most of the known mouse transcripts. This oligonucleotide collection is a public resource (Re´seau National des Ge´nopoles, France, and MRC, UK). Information about these oligonucleotides is available at http:// medcal.ipmc.cnrs.fr:8080/mediante and is published (Le Brigand et al., 2006) . Oligonucleotides (synthesized by Proligo/ Sigma) were diluted to 50 mM in 50% dimethyl sulfoxide and 100 mM phosphate buffer and spotted using a mGridII arrayer (BioRobotics, Cambridge, UK) onto hydrogel-coated slides (H slides; Schott, Mainz, Germany). Total RNA (200 ng) was amplified by linear PCR, and the amplification products were labelled by Cy3 and purified using Nucleospin Extract II columns (Macherey Nagel, Hoerdt, France). RNA from cells treated with luciferase siRNA was similarly amplified, labelled with Cy5 and used as a reference probe for the hybridization. RNA integrity was evaluated by measuring the 28S-18S rRNA ration with an Agilent BioAnalyzer (Agilent Technologies, Palo Alto, CA, USA). Labelled cDNAs (sample labelled with Cy3 and reference with Cy5) were hybridized to oligonucleotide microarrays in a Discovery station using ChipHybe 80 hybridization buffer at 42 1C for 12 h without any final stringency washes (Ventana Medical System hybridization automate, reagents, and microarray hybridization procedure). TIF images obtained by scanning the slides (ScanArray4000; Perkin-Elmer), were quantified using Imagene 5 (BioDiscovery), and the raw data were normalized using the Quantile method adapted to bicolour microarrays. All the protocols used can be obtained by contacting the microarray platform of the IGBMC or by consulting the web and ftp sites http://www-microarrays.u-strasbg. fr/Chips/index.html and ftp://ftp-igbmc.u-strasbg.fr/pub/bole/ Transcriptome/RNG_PucesOligosHumains_HsO/ExplicationsGenerales_RNG_PuceHumaine/.
In order to select genes that are differentially expressed among the eight groups (siLuc, siNet, siHIF-1a and siNet þ siHIF-1a either in normoxia or in hypoxia), we performed an analysis of variance using Cy3/Cy5 log 2 ratios. To limit the error due to multiple tests, we used the false discovery rate control procedure. Genes with a P-value less than 0.01 were considered to be significant. Moreover, we filtered out genes with a log 2 signal lower than 9.5 (value corresponding to the first quartile). Finally, we took the median value of each triplicate and we selected deregulated genes with a log 2 change above 0.6 and below À0.6. Then we converted the log 2 changes into fold changes. We used Gene Cluster 3.0 software to cluster the remaining 2742 genes.
Ingenuity pathway analysis
This is a web-based software application that can be used to identify the pathways and functions most relevant to a dataset of genes. The functional analysis by IPA identifies the biological functions and/or diseases that are most significant to the dataset. The significance is expressed as a P-value, which is calculated using the right-tailed Fisher's exact test. The P-value for a given process annotation is calculated by considering the number of focus genes that participate in that process and the total number of genes that are known to be associated with that process in Ingenuity's knowledge base. In all our analysis, we show only the functions with the five highest P-values. 
Q-RT-PCR
